Recently developed short-pulsed laser sources garner high dose-rate beams such as energetic ions and electrons, x rays, and gamma rays. The biological effects of laser-generated ion beams observed in recent studies are different from those triggered by radiation generated using classical accelerators or sources, and this difference can be used to develop new strategies for cancer radiotherapy. Highpower lasers can now deliver particles in doses of up to several Gy within nanoseconds. The fast interaction of laser-generated particles with cells alters cell viability via distinct molecular pathways compared to traditional, prolonged radiation exposure. The emerging consensus of recent literature is that the differences are due to the timescales on which reactive molecules are generated and persist, 726 in various forms. Suitable molecular markers have to be adopted to monitor radiation effects, addressing relevant endogenous molecules that are accessible for investigation by noninvasive procedures and enable translation to clinical imaging. High sensitivity has to be attained for imaging molecular biomarkers in cells and in vivo to follow radiation-induced functional changes. Signal-enhanced MRI biomarkers enriched with stable magnetic nuclear isotopes can be used to monitor radiation effects, as demonstrated recently by the use of dynamic nuclear polarization (DNP) for biomolecular observations in vivo. In this context, nanoparticles can also be used as radiation enhancers or biomarker carriers. The radiobiology-relevant features of high dose-rate secondary radiation generated using high-power lasers and the importance of noninvasive biomarkers for real-time monitoring the biological effects of radiation early on during radiation pulse sequences are discussed.
INTRODUCTION
It is currently estimated that more than 50% of all cancer patients can benefit from radiotherapy at some stage during their treatment in order to maximize disease control and survival. [1] [2] [3] Specifically, throughout the world, every year, radiotherapy could increase survival for approximately 3.5 million cancer patients and another 3.5 million patients could undergo palliative care based on radiation treatment. 4 The efficacy of radiation-based treatment in cancer is highly dependent on the type and extent of damage induced by ionizing radiation in tumor cells, as well as on their ability to repair radiation-induced disruptions. Cells are damaged by radiation via: (a) the direct interaction between ionizing radiation and cellular components such as DNA, and (b) the generation of highly reactive species that propagate damage inside and outside the irradiated area (via bystander effects). Both mechanisms alter homeostatic molecular pathways and, consequently, cell viability. 5 The generation of reactive oxygen and nitrogen molecular species (ROS, RNS) is a critical component of radiation antitumor cell effects. Oxidative and nitrosative bursts can reshape irreversibly cellular components such as nucleic acids, membranes, and proteins, and affect the redox state within cells by altering the ratio of oxidizing to reducing equivalents. The main pathways affected by the presence of ROS are related to redox signaling. 6 These electron-transfer mediated cellular processes are activated by molecular dioxygen-originating ROS formed via different reactions, such as superoxide anion, hydroxyl radical, or hydrogen peroxide. 6 It is noteworthy that the same ROS that are cytotoxic via redox-sensitive moieties such as thiol groups, which may alter protein structures at high concentrations 7 sustain cellular homeostasis at lower concentrations. The process is controlled by complex antioxidant mechanisms. 8, 9 Cells are endowed with protection mechanisms against radiation-induced damage such as antioxidant mechanisms, DNA damage repair, cell cycle arrest, and unfolded protein response. These cellular mechanisms act to protect healthy tissue, but the same processes can have a negative impact on the efficacy of cancer radiotherapy.
Using rapidly developing omics approaches, the various pathways involved in the cells' coping with radiation-induced damage have been studied and molecular endpoints for these pathways are often analyzed (e.g., BCL2, p53, TGF-b, NFjb, c-MET, PI3K/Akt). The evaluation of cellular responses to the radiation challenge relies on the detection of a broad array of accumulating products of cellular pathways activated by irradiation. The final outcome of this network of events can be defined in vitro and ex vivo through omics tools, and molecular biomarkers can be validated by microscopy, spectroscopy, and chromatography. Despite the progress in revealing the mechanisms underlying cellular responses to various cuesincluding exposure to radiationthere is a compelling need to develop methods for in vivo evaluation of biomarkers and their biochemical transformations during the chain of events leading to final products. Progress in MR sensitivity using hyperpolarization 10, 11 affords the detection of transient biomarkers during their buildup and depletion in enzymatic cascades. These intermediate biomarkers, when detected in vivo, can be decisive for evaluating radiation efficiency on an individual basis. A better understanding of the processes involved in radiation-induced damage signaling, upstream of the endpoints, will allow an improved monitoring of the outcome of radiotherapy based on sequences of enzyme-controlled transformations.
This radiation-monitoring approach may allow, in the case of high dose-rate radiation, for fine tuning of the doses and of the sequences of radiation pulses for personalized therapy, as well as for the development of cotherapies to increase treatment efficacy and to limit radiotherapy side effects. 12 Molecular imaging techniques are used to monitor functional and metabolic biomarkers for better orienting and monitoring personalized radiotherapeutic strategies. 13 Reliable biomarkers that mirror the effects of radiotherapy in terms of efficacy, side effects, and underlying mechanisms are a prerequisite. Some can be identified by "systems medicine" tools 14 for minimally invasive screening in blood. New perspectives for accurate investigation of cancer-related biomarkers are now provided by liquid biopsy, which allows isolation of circulating tumor cells, tumor DNA, and exosomes, as a rich and more specific source of genomic and proteomic information for cancer patients. 15 The technological advance Medical Physics, 46 (10), October 2019 brought by next-generation sequencing (NGS) for DNA and, more recently, RNA, supports high-throughput evaluation of single-nucleotide polymorphisms (SNPs) and accurate prognosis of radiotherapy outcome. 16, 17 UV-Vis or fluorescent spectroscopic methods for the detection of biomarkers 18 rely on the availability of molecules featuring chromophores or the introduction of biocompatible molecules bearing chromophores. Molecular imaging using Positron Emission Tomography (PET) and Magnetic Resonance (MR) have the potential to orient radiotherapy by observing its effects in vivo. In terms of the minimum quantity of a tracer molecule needed for detection, MR-based techniques using stable isotopes are less sensitive than PET. However, they are more flexible in terms of setup and can be used to image therapy effects noninvasively as often as clinically necessary after initial and subsequent radiotherapy sessions. 19 Chemotherapy, photodynamic therapy, or other treatments can be equally followed. 11, [20] [21] [22] Molecular monitoring of radiation effects by MR allows for translation of laboratory research to the clinic, as parallel in-cell, ex vivo (on biological samples stemming from patients) and in vivo imaging of the effects of radiation can be conducted with the same approach.
Biomarkers can be used for improving image-guided interventions. This raises the need to identify endogenous molecules that provide information on the effects induced by ionizing radiation in due time, that is, before toxic effects arise, help predict individualized radiation sensitivity and treatment outcome. 23 Various strategies have been developed to improve the outcome of radiotherapy by increasing efficiency at the tumor site and decreasing overall toxicity, for example, defining shorter time intervals between radiation exposures in order to apply the required total therapeutic dose quickly, without allowing exposed cells to recover. Such approaches will benefit from close monitoring via biomarkers. The radiation dose rate is a key radiotherapy parameter that will afford significant improvements of treatment outcome, as physics opens the access to higher radiation intensities and shorter timescales.
HIGH DOSE-RATE RADIATION SOURCES
In recent years, short-pulse high-power lasers 24 have shown their ability to drive particle beams for cells and tissue radiation. The results obtained so far in studying their biological effects are encouraging: laser-accelerated particle beams have the potential of finding use in radiotherapy. 25 Laser-driven ionizing radiation (gamma beams, x rays, ions, or electrons) can be generated in pulses with durations of fs to ns, depending on the time length of the driving laser pulse, with doses up to several Gy/pulse. A petawatt-class laser beam delivers ca. 10 20 photons in tens of femtoseconds to a solid target, which can, in turn, generate 10 10 -10 11 ions with energies higher than 10 MeV/nucleon, depending on the laser acceleration mechanism. 26 Radiation can also be delivered on short timescales (e.g., milliseconds) using classical accelerators. Such pulses have been demonstrated using a superconducting nanoscope in conjunction with TANDEM accelerators for proton irradiation. 27, 28 Currently, development efforts are aimed at reducing the size and the costs of particle accelerators. 29 It is too early to predict whether the very short distance acceleration specific to high-power laser-based particle accelerators 30 will be conveyed in advantages in terms of compactness.
As laser-driven ions penetrate cells, they produce free radicals, mainly via water radiolysis. 5,31,32 A dose of 1 Gy delivered in one shot equates to a dose rate of 10 9 Gy/s. High energies can be attained with the current state of the art for laser-driven proton acceleration (Table I) : protons were accelerated to 93 MeV at GIST in South Korea 33 and nearly 100 MeV at RAL in the United Kingdom. 34 The obtained high energies are auspicious for the application of laser-based ion acceleration in radiotherapy.
On the side of experimental evidence using radiation from classical accelerators, recent research conducted in vivo on animal models concluded that the use of intermediate-to-high radiation dose rates ("FLASH") on the order of 1 Gy/10 ms, obtained with conventional particle accelerators is a good radiation strategy to spare healthy tissue while remaining effective on tumor tissue. 35, 36 Such effects are found at the level of radiation doses used in clinical practice. 37 Laser sources able to deliver proton pulses corresponding to the radiation levels of Gy on timescales of ns offer a new tool for the study of radiobiological effects as a function of the dose-rates.
The relationship between the persistence of the free radicals generated on ns time scales or even faster and the inflicted cell damage is to be explored, as bursts of free radicals on ns timescales were difficult to induce until recently. The molecular effects of radiation pulses delivered to cells on these timescales are anticipated to offer new therapeutic promises. 38 Decreases in tumor radiosensitivity by transient oxygen depletion following a short-pulse irradiation 39 are an issue to be considered in high dose-rate radiation experiments. The time to reverse oxygen depletion within tumors is estimated to be> 20 s at distances of about 100 µm from a tumor blood vessel. In pulsed radiotherapy, the timing is best planned to deliver the pulses once the oxygen concentration recovers in the tumor. The abundance of oxygen allows radiation-induced free radicals (e.g., hydroxyl) to react with oxygen and form new radicals (e.g., peroxyl) that cause permanent damage to DNA, hence rendering radiotherapy more effective. The free radical-mediated differences between cellular behavior under radiotherapy in oxygen-rich and oxygen-starvation conditions require that short-pulse laser-based radiobiology experiments be carried out in both types of environments.
2.A. Short pulses and high dose-rate proton beams
Several relevant experiments of cell radiation by pulsed beams using laser-driven and conventionally accelerated protons are presented in Table I . The average energy and particle pulse duration are pertinent for the penetration depth and the dose rate of radiation, respectively.
Laser sources are expected, in the near future, to deliver proton pulses corresponding to radiation levels of Gy on timescales of hundreds of ps. High-density protons delivered in clusters are thought to manifest increased linear energy transfer (LET) compared to isolated protons. Via computer simulations, the convergence of proton tracks was anticipated to have damaging effects similar to those of high LET radiation. 40 The impact of clustered protons on cell survival and DNA integrity 41, 42 has been investigated experimentally, yet molecular effects are still to be assessed in this type of experiments.
Emerging studies comparing the effects of high dose-rate laser-driven radiation and low dose-rate radiation showed that imaging techniques have to be further developed to address cellular responses to ionizing radiation exposure in order to help decide on the most effective strategy for applying radiation pulses. 43, 44 
2.B. Beyond laser-generated protons: heavy ions and other types of radiation
Investigations of the radiobiological effects of ions heavier than protons have been carried out since decades using conventional accelerators. It is well known that heavy ions based radiotherapy produces stronger biological effects than protonbeam therapy. So far, radiobiology research has been carried out using low dose-rate heavy ions radiation, but the biological effects of high dose-rate heavy ions radiation are unknown due to the complete lack of experiments. It is noteworthy that experiments with laser-accelerated carbon ions are ongoing in petawatt-class facilities. Medical applications require ions with energies up to a few hundred MeV per nucleon, whereas, at the moment, laser-accelerated ions, such as carbon-12, can reach only tens of MeV per nucleon. About 10 years ago, researchers were able to generate carbon ions with maximum energy of 6 MeV/n using a 30 TW-class laser at the Max Born Institute in Germany. 45 Recently, at the Central Laser Facility of Rutherford Appleton Laboratory in the United Kingdom, carbon ions with energy up to 25 MeV/n were obtained by employing the 400 TW GEMINI laser focused to an intensity of about 5 9 10 20 W/cm 2 on a target consisting of an ultrathin carbon foil. 46 Such ion energies can already serve for radiobiology experiments in vitro to study the effect of ultra-high dose-rates (~10 9 Gy/s) prior to medical applications. Most likely, with the next generation of 10 PW-class lasers, for example, at ELI-NP, 47, 48 the carbon ion energy is expected to reach hundreds of MeV/n, as computer simulations predict. 49, 50 There is a significant interest in radiotherapeutic application of electrons accelerated by high power lasers in gaseous targets. Laser-plasma accelerators produce femtosecond electron bunches 51 that are quasi mono-energetic with energies in the range of tens of MeV up to a few GeV, and with a pulsed dose-rate exceeding 10 13 Gy/s. Results have been recently reported on biological material irradiated with laser generated electrons both in vitro 52, 53 and in vivo. 54, 55 In order to destroy tumor cells that adapt to radiation, synergy between the effects of subsequent pulses or different types of radiation is taken into consideration in complex radiotherapy-oriented studies. For the moment, evidence of such synergy was found 56 using sequential exposures of cells to radiation with low-and high-LET, using radiation beams obtained with classical accelerators at much lower dose-rates than those provided by high power lasers. Therefore, synergistic radiation effects 57 on cells exposed to different beams delivered at high dose-rates are still to be investigated with laser-accelerated particles and photons.
MOLECULAR IMAGING: EARLY DETECTION FOR HIGH DOSE-RATE EFFECTS
Early detection of radiation effects is needed to orient pulsed radiotherapy in real time. The formation of free radicals and reactive molecules either directly by radiolysis or as a cellular response to radiation, if promptly detected, can help in this regard. Due to the timescale on which free radicals are formed and recombine in laser-stemming radiation (Fig. 1) , their detection by noninvasive methods is challenging in cell cultures and even more so in complex organisms. The persisting free radicals generated by high dose-rate radiation can be measured in cells by: (a) electron spin resonance (ESR) combined with the use of radical-specific spin traps, provided the latter are biocompatible or (b) spectroscopic methods whereby the effects of the irradiation of free radicals on biomolecules are amenable to in vivo monitoring. 19, 20, 58 Medical Physics, 46 (10), October 2019
Clinical studies have addressed the use of MRI in the radiotherapy of static organs, for example, for the treatment of brain and prostate cancers. 59 Structural changes are readily detected by MR imaging based on abundant water and on contrast agentsalso based on the uptake of these agents to the tumor site, as in dynamic contrast-enhanced MRI, 60 but these reductions in tumor size only occur a few weeks after treatment. MR-based in vivo monitoring of cancer response to radiation is especially sensitive to oxygen presence via mechanisms forming reactive species. 61 The use of MRI to detect the responses of endogenous molecules present in low concentrations is, however, limited by its low signal-to-noise ratio.
Emerging MRI-guided proton beam therapy (MRgPT) elicits increasing interest, triggered by the already-implemented real-time MRI-guided x-ray beam therapy (MRXT), as MRI guidance for proton beam therapy will offer an improvement over the conventional proton therapy in terms of toxicity outcomes. The use of MRI-Cobalt (ViewRay TM ) for imaging-oriented radiotherapy was shown to extend cancer survival by up to a factor 2. 62 MRI-LINAC prototypes are available for in vivo imaging of radiation effects. 63 Thus, it was shown that there is a significant interest and potential for clinical use of an integrated MRI-LINAC system.
We comment herein on the potential of using noninvasive magnetic resonance methods to orient pulsed radiation therapy, when the detected concentrations of endogenous molecules are sensitive, directly or indirectly, to the levels of free radicals induced by radiation. 11, 58, 64 Imaging at the organism level by MRI can be based on particular biomarkers identified in cells exposed to radiation. The developing MRI-LINAC and MRgPT systems are expected to profit from the use of biomarker-based detection.
3.A. Hyperpolarized magnetic resonance for the detection of radiation effects
The sensitivity of MR has been recently improved by a factor 10 4 using "hyperpolarization." 10 The most versatile form of hyperpolarized MR uses signal transfer from free radicals to magnetic nuclei by irradiation at electron paramagnetic resonance (EPR) frequencies, an experimental development known as hyperpolarization or Dynamic Nuclear Polarization (DNP). The sensitivity increase derived from free radicals is directed toward the observation of signals of endogenous molecules that would be difficult to detect lacking hyperpolarization, such as the carbon-13 signal of pyruvate. Considerations related to signal lifetimes or resolution dictate the choice of stable isotopes (protons, carbon-13, nitrogen-15, etc.) and molecular groups to be detected. 65, 66 When hyperpolarization can be performed for protons, whose detection is intrinsically more sensitive than that of other spins such as carbon-13, the gain in signal affords improving the resolution of obtained images. Recent developments show that hyperpolarization can also be transferred from water to the detected biomarkers. [67] [68] [69] The observation timescales of the method can be adapted for the durations needed for diagnostic 70 by carefully selecting the molecular regions for storing magnetization. Parallel studies in-cell 71 and in vivo can be carried out using pyruvate or other biomarkers. The DNP-MR imaging approach has been adapted for the clinic. 72 Early response to ionizing radiation, which matches the requirements for the short-pulse laser-based radiotherapy mentioned above, has been confirmed by MRI in studies conducted in vivo within hours after radiation therapy. 73 A strategy for orienting radiation therapy based on hyperpolarized MRI biomarkers has been described in the literature, 58 as shown in Fig. 2 . The strategy is suitable for the optimization of sequences of short-pulse laser-generated particles for radiotherapy, in which case the optimal placement of pulsed radiation (red arrow) is to be inferred in vivo.
The advantages of this approach have been outlined by a recent work 74 that substantiated both the solid tumor response and the effects of radiotherapy on healthy tissue in order to survey potential radiation toxicity for areas surrounding the targeted tumor. The response of different types of cancer to therapy has also been monitored using hyperpolarized magnetic resonance, notably in glioma 75 and squamous cell carcinoma. 76 This latter type of cancer is one of the first likely targets for radiotherapy based on short-pulse lasers with FIG. 1. Formation of free radicals in large amounts by the initial impact of radiation defines the timescale beyond which the cell radiation response is triggered. The response can be sensed detecting molecular biomarkers related to the radiation-induced damage.
Medical Physics, 46 (10), October 2019 particles of low energy. In addition to efficiency at the tumor site, the effects of ionizing radiation on healthy tissue can also be imaged by dynamic nuclear polarization-enhanced magnetic resonance 77 and the response quantified in terms of individual metabolites. 78 Thereby, the follow-up of radiotherapy by MR can be used to prove the reduced toxicity of ultrahigh dose-rate radiation.
3.B. Nanoparticles and magnetic resonance imaging in the context of radiation therapy
In connection with MRI, nanoparticles are tested for biomarker development and treatment delivery. On the one hand, MRI detection of biomarkers can be improved using nanoparticles. Their large specific surface and the fact that this surface can be functionalized according to the intended use make them ideal candidates for developing biomarker platforms. 79 The main challenge is to functionalize nanoparticle surfaces to selectively bind a subset of biomarkers. For instance, sensitive detection of a specific DNA sequence was developed using magnetic nanoparticles (MNPs). A significant detection amplification was obtained from multiple binding sites on the MNPs, achieving thousands of DNA molecules on one MNP surface. 80 Additionally, nanoparticles that can link to biomarkers or accumulate at a certain location within tissues will enhance the image by improving resolution or sensitivity inside tissues. A large number of nanoparticles have been studied in this context. Specifically, Gdloaded targeted nanoparticles are used as MRI contrast agents for molecular imaging to detect molecular signatures in various pathologies. 81 On the other hand, nanoparticles can also deliver targeted chemotherapeutic drugs and enhance MRI imaging of their effects. Thus, nanostructures are expected to be used as targeted theranostic nanoplatforms for both therapeutic and imaging purposes. This is an important aspect in personalized cancer medicine, given their therapeutic potential and their simultaneous ability to track a patient's response to chemotherapy at the same time. 82 As an example, complex iron oxide nanostructures can be made of three components: a superparamagnetic iron core, a biocompatible polymer coating, and functional moieties. These decorated nanoparticles can function as contrast agents for magnetic resonance imaging due to the iron core and as carrier vehicles for drugs attached to their polymer coating. 83 Nanoparticles are used to enhance the therapeutic effects of radiation in cancer treatment. Satterlee et al. 84 reported the use of a special type of nanoparticles (lipid-calcium phosphate nanoparticles) and 177 Lu for radiation therapy. The beta decay of 177 Lu significantly decreased the growth of cancerous cells, as an enhanced permeability and retention (EPR) effect at the tumor site was achieved. Gold nanoparticles can be functionalized with epidermal growth factors (EFG) and labeled with 111 In. 85 Gold nanoparticles demonstrated radio-sensitizing potential and improved localization of the radiation dose within the tumor. 86 Moreover, gold nanoparticles can interact with x rays or ion beams producing electrons which can further modulate the radiation treatment. 87 
SUMMARY
High-power lasers are unique sources for radiation featuring new interactions with living matter and very promising opportunities for radiotherapy. The effects of high doserate radiation on cells and organisms need to be characterized using endogenous biomarkers in order to be fully exploited for spatially and time-controlled radiotherapy. Using DNP to enhance the sensitivity of MRI, radiation-induced perturbations mediated by free radicals can be FIG. 2. a) Biomarker detection strategy using molecular imaging based on hyperpolarized (DNP-enhanced) magnetic resonance for following radiotherapy effects. Free radicals and reactive oxygen and nitrogen species produced by radiation-triggered mechanisms on a timescale of several hours alter the concentration of detected biomarkers. The figure is adapted from Ref. [58] b) Experimental setup for the observation of radiation effects in cell serving as a test laboratory for imaging-oriented radiotherapy in vivo. B 1 and B 2 are biomolecular markers sensitive to radiation effects exerted via reactive molecular species (free radicals), t probe < 5 min for most endogenous molecules, and t obs is on the order of tens of minutes to hours. For in vivo detection, an MRI scanner replaces the observation spectrometer. DNP, Dynamic Nuclear Polarization.
Medical Physics, 46 (10), October 2019 followed inside cells. The irradiation of free radicals with microwave frequency can also be used in vivo 88 to generate DNP-MRI images. The differences between high dose-rate and classical radiation, with the former being increasingly regarded as less toxic to healthy tissue, can be monitored by hyperpolarized MRI in real time, on the timescale of biological reactions. There are important advantages to guiding laser-based radiation with DNP-MRI: (a) sequences of radiation pulses guided by DNP-MRI can be optimized in cells and subsequently used in vivo based on this optimization; (b) the difference between high dose-rate radiation and classically generated radiation resides in the formation of reactive molecular species whose dynamic transformations can be followed by DNP-MRI; (c) shortpulse radiation effects are detected in a timely manner. In vivo, functional effects can be sensed by biomarkers hours after treatment, well before any observable structural morphologic changes would occur in tumorsthat is, anticipating tumor shrinkage. With early monitoring of its effectiveness and toxicity at hand, radiotherapy may become, in numerous cases, the first clinical approach to be considered.
The pulsed nature of the laser-generated radiation, which exerts its effect in short bursts, may redefine the way of anticipating the biological effectiveness and the toxicity of different types of particle beams. Notwithstanding the fact that the same quantity of energy is delivered per unit mass to living tissues or cells by the same particle type, the effectiveness of the dose can depend on the pulse duration, as free radicals in water are known to recombine on fast timescales. It emerges that, with the development of ultrashort radiation pulses, the inclusion of a time dimension in the description of impinging radiation is needed to anticipate the biological effect of radiation doses. Consequently, the picture describing the classical mechanisms by means of which ionizing radiation exerts biological effects can be revisited considering the ultra-short period of radiation action, in the case of high-power laser-based radiation. This can have beneficial consequences for exploiting the observed mechanistic effects in radiotherapy, in terms of deleterious effects for tumors and sparing of the healthy tissue.
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